We study supersymmetric extension of the Einstein-aether gravitational model where local Lorentz invariance is broken down to the subgroup of spatial rotations by a vacuum expectation value of a timelike vector field. By restricting to the level of linear perturbations around Lorentz-violating vacuum and using the superfield formalism we construct the most general action invariant under the linearized supergravity transformations. We show that, unlike its non-supersymmetric counterpart, the model contains only a single free dimensionless parameter, besides the usual dimensionful gravitational coupling. This makes the model highly predictive. An analysis of the spectrum of physical excitations reveal superluminal velocity of gravitons. The latter property leads to the extension of the gravitational multiplet by additional fermionic and bosonic states with helicities ±3/2 and ±1. We outline the observational constraints on the model following from its low-energy phenomenology.
Introduction
The possibility to modify the laws of gravity has been the subject of an intensive theoretical research during recent decades [1, 2, 3, 4, 5, 6, 7, 8] , see [9] for review. This study has several motivations. First, it aims at solving the problems faced by the Einstein's theory of general relativity (GR) at very short distances, where it loses the predictive power because of non-renormalizability, as well as at very long -cosmological -scales where the standard paradigm leads to the cosmological constant problem. Second, phenomenological models of modified gravity can be used as proxies in the analysis of experimental data to put constraints on deviations from GR at various scales within a consistent framework. The third motivation is a deeper theoretical understanding of the principles underlying GR and the consequences implied by relaxing or replacing some of these principles.
An interesting class of modified gravity models involves violation of the local Lorentz invariance. The possibility of such violation is often attributed to the effects of quantum gravity, see [10, 11] and references therein. In particular, it has been suggested by P. Hořava [12] that the quantum theory of gravity can be rendered perturbatively renormalizable by abandoning Lorentz invariance as a fundamental symmetry at high energies. The rigorous proof of renormalizability in a version of this proposal has been given recently in [13] . In this framework some amount of Lorentz symmetry breaking persists at all scales and at low energies the theory reduces to GR coupled to a scalar field with non-zero timelike gradient describing a preferred foliation of the spacetime [14] .
Hořava gravity is closely related [15, 16] to the so-called Einstein-aether model [17, 18] where the effects of the dynamical preferred frame are encoded by a vector field u m ("aether") constrained to have unit norm, 
In the formal language, this vector belongs to the coset SO(3, 1)/SO(3) of the Lorentz group over the group of spatial rotations around the direction of u m that remain unbroken. This construction is similar to the sigma-model description of non-linearly realized simmetries in particle physics. The most general action for the aether interacting with gravity and containing up to two derivatives reads,
where λ is a Lagrange multiplier enforcing the constraint (1) and 
The theory contains four dimensionless parameters c i , i = 1, 2, 3, 4. When the constraint (1) is solved explicitly and the action is written in terms of independent components of u m , 1 We use Latin letters from the middle of the alphabet for spacetime tensor indices; Latin letters from the beginning of the alphabet will be used for indices in the local Lorentz frame and Greek letters will be used for spinor indices. The signature of the metric is (−, +, +, +).
it contains non-linear derivative self-interactions of these components. This restricts the domain of validity of the model to energies below M * ≡ κ −1 √ c, where c is the characteristic value of the couplings c i . At higher energies the model becomes strongly coupled and requires an ultraviolet (UV) completion. By analogy with sigma-models, the scale M * can be identified with the scale of the Lorentz symmetry breaking 2 , the product (κM * ) 2 = c controlling the strength of Lorentz violating effects in gravity. Phenomenology of this model has been extensively studied resulting in constraints on the couplings c i [19, 20, 18, 21, 22] , see [23] for review. Recently, it was proposed to use Hořava gravity and Einstein-aether models for holographic description of strongly coupled non-relativistic systems [24, 25] . It has long been envisaged that an important role at high energies can be played by supersymmetry (SUSY). In particle physics SUSY is usually considered as an extension of the Poincaré group. However, as pointed out in [26] , the SUSY algebra reduced by removing the boost generators closes on itself. In other words, SUSY does not necessarily require Lorentz invariance. Conversely, a general non-relativistic SUSY consisting of space-and time-translations, spatial rotations and supercharges in the spinor representation of SO (3) is equivalent to the standard SUSY algebra without boosts [27] . Remarkably, SUSY enforces emergence of Lorentz symmetry at low energies in the Standard Model, even if the highenergy theory is not Lorentz invariant [26, 27] . This can explain the exquisite precision with which Lorentz invariance is satisfied in particle physics 3 [10, 28, 11] .
It is natural to ask whether the local generalization of SUSY leading to the theory of supergravity (SUGRA) is also compatible with the existence of a preferred frame. Clearly, as in the case of ordinary gravity, this frame must be dynamical. The first step in answering this question was made in Ref. [27] which has constructed the supersymmetric extension of the aether model in flat spacetime. In the superspace formalism, the aether is promoted to a chiral vector superfield U c ,Dα
which forces it to develop a c-number vacuum expectation value (VEV) breaking the Lorentz symmetry. As a consequence, the latter is realized non-linearly on the perturbations around the vacuum. On the other hand, SUSY is unbroken by the VEV of U c and remains linearly realized 5 . At the component level the theory describes a complex vector -complexified aether -and its superpartner -"aetherino". Upon an eventual soft SUSY breaking aetherino and the imaginary part of the aether acquire masses, whereas the action for the real part reduces to the flat-spacetime limit of (2) with a special choice of the couplings c i . It turns out that only the coupling c 1 can be chosen arbitrarily, whereas the coefficients in front of the other terms in the aether Lagrangian must satisfy,
The analysis of [27] was insufficient to decide whether SUSY constrains the parameters c 2 and c 3 separately as in flat spacetime only their sum appears in the Lagrangian, the corresponding terms being different by a total derivative. The purpose of the present paper is to couple the super-aether theory of [27] to SUGRA and analyze the uniqueness of this construction. We will work in the superfield formalism. The chirality constraint that we want to impose on the aether superfield forces us to use the non-minimal off-shell formulation of SUGRA [32, 33] . To see this, recall the general form of the anti-commutator of two spinor derivatives acting on a vector superfield [29] ,
where T C AB and R
D ABC
are respectively torsion and curvature in the superspace 7 . In the minimal SUGRA all components of the torsion appearing in (7) vanish, whereas Rαβ bc is in general non-zero [29] . This implies that the chirality constraint cannot be imposed in a covariant way as it is incompatible with (7). On the other hand, in the non-minimal formulation the supercovariant derivatives can be chosen such that [34, 35 ]
and therefore the covariant chirality constraint
5 This is different from the setup considered in the context of supersymmetric effective theory of inflation [30, 31] where not only the Lorentz group, but also SUSY is realized non-linearly. 6 Soft SUSY breaking introduces corrections to these relations suppressed by the SUSY breaking scale. 7 Capital Latin letters A, B, . . . are used for the general superspace indices.
is consistent with (7) . In this work we focus on coupling super-aether to SUGRA at the linearized level; the full non-linear case will be treated elsewhere [36] . Restriction to the linearized theory allows to use the familiar formalism of global superspace with the super-diffeomorphisms being encoded simply as a set of linear gauge transformations acting on the fields. This allows a transparent construction of the most general Lagrangian compatible with the desired symmetries.
The paper is organized as follows. In Sec. 2 we review the formalism of linearized nonminimal SUGRA. While most of the material in this section is standard, we present a somewhat detailed derivation of various relations that are used in the rest of the paper in order to keep the article self-contained. In Sec. 3 we introduce breaking of Lorentz invariance and the linearized aether superfield. We classify all inequivalent terms in the quadratic Lagrangian, derive their transformation laws under super-diffeomorphisms and find the most general invariant superfield action. In Sec. 4 we present the bosonic part of the action in components and discuss the physical implications of the model. Sec. 5 is devoted to conclusions. Appendices contain technical details.
2 Linearized non-minimal supergravity
Field content
We follow [37, 38] . The basic ingredient of the linearized SUGRA is a real vector superfield H m transforming as
under the linearized super-diffeomorphisms parameterized by the spinor superfield L α . To understand the physical content of H m let us decompose it in components [39] ,
where the vertical line denotes evaluation at θ =θ = 0, and We see that the multiplet contains a spin-2 field e mn that is identified with the perturbation of the tetrad, as well as the spin-3/2 field ψ m α describing gravitino. Introducing also the components of the gauge parameter L α ,
one obtains from (10) the following transformation laws:
It follows from (14a) that the imaginary part of ξ m and the components ζ m α , κ m can be chosen to impose the Wess-Zumino gauge,
The remaining transformations contain infinitesimal diffeomorphisms with the parameter Re ξ m , local Lorentz transformations parameterized by the symmetric part of λ αβ and local SUSY corresponding to ε α . The trace part λ α α and the spinor ρ α give rise to extra symmetries: Weyl invariance and superconformal transformations. The latter symmetries are not generally present in SUGRA. They are removed by introducing a compensator.
In the minimal linearized SUGRA the compensator is chosen to be a chiral scalar superfield. However, as discussed in the Introduction, the minimal formulation does not admit a coupling to the super-aether theory. The next-to-simplest choice of the compensator, which leads to the non-minimal formulation, is a linear superfield Γ,
It transforms under the super-diffeomorphisms as
where n = − , 0 is a real parameter enumerating inequivalent versions of the non-minimal SUGRA. The transformation of the two lowest components of Γ,
has the form,
Hence, they can be used to fix the Weyl and superconformal transformations by imposing the gauge,
The action of the linearized non-minimal SUGRA reads [38] ,
It is straightforward to verify that it is invariant under the transformations (10), (17) . The above expressions simplify considerably for the choice n = −1. However, we are not going to restrict to this case as we want to study the most general coupling of the super-aether to gravity.
Covariant derivatives and connections
In what follows we will need the form of the transformation of vector superfields under the superspace diffeomorphisms, as well as the expressions for the superspace connection. In principle, they can be obtained by linearizing the expressions given in [37, 38] for the general non-linear case. However, we prefer a different route and derive them directly within the linearized SUGRA. We start with the transformations of a general scalar superfield 9 [39] ,
where the last equality defines the action of the differential operatorÔ on superfields. Covariant derivatives of Ψ must transform in the same way, up to a local Lorentz rotation, 9 We choose the representation of the super-diffeos that preserves real superfields.
where the rotation matrices M βα , Mβα and M ba satisfy the structural relations of SL (2),
By replacing the derivatives of Ψ in the formulas (23) with general superfields carrying spinor or vector indices we will obtain the transformations laws for the latter. We still need to find the expressions for the matrices M αβ etc. in terms of the gauge parameter L α . To this end recall that the covariant derivative of a scalar is given by
where A, M denote general -vector or spinor -indices and E M A is the superspace vielbein. At linear order the latter can be written as,
where e (25) into (23a) we find
Using the last relation in (24) we obtain the rotation matrix for Lorentz vectors,
Equation ( 
wherē
Thus, the spinor covariant derivative of a scalar field takes the form,
10 At the linearized level we do not distinguish the spacetime and Lorentz indices whenever it does not lead to confusion.
The expression forDαΨ is obtained by complex conjugation. For a superfield with spinor or vector indices the covariant derivatives should be supplemented with a connection term,
where
Requiring that the covariant derivatives transform in the appropriate representations of SL (2) fixes the transformations of the connection components,
, δΦ
However, these conditions are not sufficient to unambiguously determine the form of the connections in terms of the fields H b , Γ: one has to also take into account the constraints on the superspace torsion imposed in the off-shell SUGRA formulation. This analysis is performed in Appendix A and yields the result,
Note that these formulas do not depend on the parameter n. It is straightforward to check that they satisfy (33) . The connection components for the conjugate spinors and vectors are obtained from (34) using the relations analogous to (24) . In particular, we have
This expression will be used in the next section. Finally, we will not need the connections Φ C aB entering the covariant derivatives with vector indices, so we do not present their derivation.
Breaking Lorentz invariance 3.1 Perturbations of super-aether
We now want to generalize the linearized SUGRA to the case when Lorentz invariance is broken down to the SO(3) subgroup of spatial rotations by a vacuum expectation value (VEV) of a timelike vector field. To this end, we introduce [27] a chiral vector superfield U a obeying the constraint (5). As a consequence of this constraint, the field develops a c-number VEV w a satisfying the relations,
They imply that Im w a is always spacelike and thus, unless Im w a = 0, the vacuum breaks both Lorentz and rotational symmetries. In this paper we are interested in quadratic theory around a rotationally invariant vacuum, so we focus on the case of real w a . Then there is a preferred Lorentz frame where w a has the form,
It is important to stress that, despite the breaking of Lorentz invariance, SUSY is preserved as it corresponds to translations in the superspace that leave the aether VEV invariant [26, 27] . Next, we expand the super-aether field about its VEV,
The constraint (5) expanded to linear order translates into
whereas the chirality condition reads,Dα
Here we expanded the covariant derivative (32b) to linear order both in aether perturbations and SUGRA fields. Note that the explicit form of the connection (35) implies that it is chiral and hence the aether perturbation V c is linear,D 2 V c = 0. Under local super-diffeomorphisms the aether perturbations transform non-linearly,
where M a b is the matrix of Lorentz rotations (28). Our goal is to find the most general superfield action quadratic in the fields V a , H a , Γ and invariant under the transformations 12 (10), (17) , (40) .
Possible terms in the Lagrangian
First we notice that the only possible term in the superpotential is the term enforcing the constraint (38) by means of a chiral Lagrange multiplier Λ (cf. [27] ),
The combination w a V a is chiral due to the relation (39) and anti-symmetry of the connection coefficient Φα bc in the last two indices. No other chiral combination can be constructed from V a and the SUGRA fields without using the spinor derivativesDα. On the other hand, the terms in the superpotential that involveDα can be equivalently written as contributions to the Kähler potential. For example,
and similarly for other contributions. Here the sign means 'equal up to a total derivative'. Thus, it is enough to consider the Kähler potential only. By analogy with (2), we search for the action in the form
where the gravitational coupling has the mass dimension [κ 2 ] = −2. All other parameters in the Lagrangian are assumed to be dimensionless. This implies that the superspace Lagrangian L must be constructed from terms with zero mass dimension. The dimensions of the object at our disposal are
Once the aether VEV w a is included as the spurion to compensate for the breaking of the Lorentz symmetry, the Lagrangian becomes a scalar with respect to global Lorentz 12 It is worth noting that this action cannot be found simply by a linear gauging of the super-aether action of [27] . Such gauging would produce terms at most linear in SUGRA fields, whereas the presence of non-zero aether VEV w a gives rise to new contributions quadratic in H b and Γ, see below.
transformations. Besides, the Lagrangian must be real. We now proceed to the classification of possible terms in the quadratic Lagrangian.
Operators quadratic in V a . We have a single operator in this class,
The combination V a V a and its complex conjugate can be rewritten purely in terms of the SUGRA fields H a and Γ using the relation (39) . Indeed,
As discussed above, the expression on the r.h.s. can be cast in the form of a contribution into the Kähler potential.
Operators linear in V a . In total, there are four independent combinations,
plus their complex conjugate. Here abcd is the totally antisymmetric tensor in the fourdimensional spacetime. From all other terms the aether perturbation can be eliminated by performing integration by parts and using (39) . For example,
and so on. Operators without V a . This is the most numerous group of terms, so it is convenient to further subdivide it according to the number of insertions of the spurion w a . It is straightforward to see that the maximal number of insertions is 4. Thus, we have: 4 insertions of w a . There is a single independent operator,
Two other possible operators would be
However, the first of them is a total derivative, see Eq. (95a) in Appendix B.1, whereas the second is expressed in terms of (45) and contributions with fewer insertions of w a due to the relation (95d).
3 insertions of w a . This group is actually empty. The operators that can be written using three w a -insertions are
and their complex conjugate. However, they vanish upon integration over the superspace, see Eq. (95b). 2 insertions of w a . There are in total 12 independent operators that we choose as follows,
Other operators that can be written using two w a insertions are
Using the identities from Appendix B.1 one shows that the contributions of the latter operators into the Lagrangian are degenerate with the operators (46): for the two operators (47a) this is due to the relations (95e) and (95f); the terms (47b) vanish upon integration; the operators (47c) and (47d) are eliminated using (95g) -(95j); the operator (47e) is eliminated due to (95c). 1 insertion of w a . There are 2 terms,
and their complex conjugate. One more operator
is a total derivative, see (95b). Also, a replacement of the ordinary derivative ∂ a by ∆ a in the above operators does not generate new contributions due to the anti-chirality of the field
No insertions of w a . 12 independent operators are,
The five remaining combinations,
produce degenerate contributions into the action, as it follows from Eqs. (95a), (95c), (95f), (95g), (95i).
The invariant action
The action for linearized SUGRA with broken Lorentz invariance is obtained as a linear combination of the independent operators listed in the previous subsection that is invariant under the gauge transformations (10), (17), (40) . To find this combination, let us analyze the variations of individual operators. We start with the term quadratic in the aether perturbations,
where in the second line we used the chirality condition (39) . One observes that this variation is independent of V a and is expressed exclusively in terms of the SUGRA fields H b and Γ.
Besides, it is at most quadratic in the spurion w a . On the other hand, the variations of the
It is straightforward to see that these cannot be canceled among themselves or against variations of any other operators in the Lagrangian. Thus, we conclude that the operators (44) do not appear in the invariant action. Next, the variation of the operator (45) reads,
and manifestly contains four insertions of w a . There are no other operators whose variation would have this property and therefore (45) is also absent from the invariant action.
To proceed, we notice that the remaining operators split into several sectors which do not mix under the linearized super-diffeomorphisms. These sectors are characterized by the properties of the operators under the action of the R-symmetry and CP . The R-symmetry rotates the phases of the spinor derivatives,
with the superfields H a , Γ, V a and the ordinary derivatives ∂ a kept intact. Correspondingly, the operators (46), (49) have zero R-charge, whereas the R-charge of the operators (48) is −2. The R-charge is preserved by the super-diffeos, provided one assigns R = −1 to the gauge parameter L β . This implies that if the operators (48) entered into the invariant action, their variations would have to cancel with each other. However, it is straightforward to see that this is impossible. We omit the operators (48) in what follows. Next we turn to the properties of the operators under parity. Pure parity does not preserve the SUSY algebra and thus cannot be defined on the superspace. To be compatible with SUSY, parity must be supplemented by the charge conjugation [37] . In the Lorentz frame where the spatial components of the aether VEV vanish, see (36) , the CP transformations have the form 13 ,
where i = 1, 2, 3 denote the spatial indices. Notice that (V a +V a ), ∂ a transform as vectors, whereas (V a −V a ), H a , ∆ a are pseudo-vectors. Clearly, the SUGRA action (21) is CP -even. It is convenient to choose the basis of operators having definite CP quantum numbers. Out of (46), (49) we construct the following combinations: CP -even:
CP -odd:
To the first group one has to add the CP -even operator (43) . The gauge variations of operators should cancel separately within each group. The transformations of the operators (56), (57) are given in Appendix B.2. For the CPeven sector the condition that the variations cancel leads to a system of 17 linear equations for 17 unknowns -coefficients in front of the operator (43) and 16 operators (56). This system is degenerate and has a general solution with two free parameters. One of them is just the usual gravitational coupling κ 2 and one recovers the SUGRA action (21) as part of the general solution. The second free parameter can be chosen as the coefficient in front of the operator (43) and the corresponding contribution into the action reads,
where C is a dimensionless coupling. Curiously, this part of the action does not depend on the choice of the parameter n labeling the off-shell realizations of the non-minimal SUGRA.
Finally, the requirement of vanishing gauge variation in the CP -odd sector leads to a system of 13 equations for only 8 unknowns which has only a trivial solution (see Appendix B.2).
We conclude that (58) combined with (21) gives the most general action for supersymmetric aether coupled to non-minimal linearized SUGRA with linear compensator.
Physical implications 4.1 Bosonic Lagrangian
To understand the physical consequences of the action (58), we compute the corresponding Lagrangian in components. We restrict to the bosonic part.
The components of the SUGRA field H m have been introduced in (11); we impose the Wess-Zumino gauge (15) . We further use the local Lorentz transformations to make the tetrad symmetric,
where h mn are the perturbations of the metric. Due to the relation (20) fixing the Weyl invariance, the lowest component of Γ is not independent,
The independent bosonic components of Γ and of the super-aether multiplet are denoted as follows,
Using the general formula
relating the component Lagrangian L to that in superfields we obtain after a somewhat tedious, but straightforward calculation,
To this must be added the standard supergravity Lagrangian following from (21),
Note that the parameter C multiplies the kinetic term for the aether perturbations in (64) and hence must be positive to ensure the positivity of the kinetic energy. The next step is to integrate out the auxiliary fields. Clearly, the fields B, G a simply vanish on the equations of motion. On the other hand, the fields d m , q m take non-trivial values. The result of integrating them out in the general case is rather cumbersome and not illuminating. For the sake of clarity, we will perform an explicit calculation under the assumption C 1. To properly capture the mixing between the aether and gravity in the first non-trivial order in C, we canonically normalize the aether perturbations so that their leading kinetic term becomes of order 1,
Then we keep the contributions to the Lagrangian through order O(C). To this end, it is sufficient to find the auxiliary fields through order O( √ C),
Substituting this back into (64), (66) we arrive at 14 ,
One notices that the parameter n has dropped from the Lagrangian and, apart from the usual gravitational coupling, the theory is described by a single dimensionless constant C. When restricted to the case of real aether,v (69) 14 In deriving this expression one makes a further rescaling of the fields,
15 In this comparison one should recall that v a stands for the perturbation of the aether field in the tetrad basis. It is related to the perturbation in the tangent space by δu
Thus we conclude that SUSY reduces the number of free parameters in the Einstein-aether model from four down to one.
Spectrum of excitations and observational constraints
Let us discuss the spectrum of modes described by the Lagrangian (68). We will work in the frame where the VEV w a is purely timelike as given by (36) , so that the rotational symmetry is preserved. As the Lagrangian is quadratic both in space-and time-derivatives, all modes have linear dispersion relations,
where E and p are the energy and the absolute value of the mode's momentum. Due to invariance with respect to spatial rotations, the modes are also characterized, as in the familiar Lorentz invariant case, by the projection of the angular momentum on the direction of motion, i.e. helicity. The maximal helicity present in the spectrum is 2, which corresponds to the transverse-traceless excitations of the metric -gravitons. It is straightforward to see from (68) that the corresponding velocity is (cf. [40] ),
which differs from 1 whenever Lorentz invariance is broken (C = 0). This is in contrast with the situation for chiral and gauge SUSY multiplets which, under broad assumptions, retain unit propagation velocity even in the presence of Lorentz symmetry breaking [26] . The deviation of the graviton velocity from one has interesting consequences for the structure of the gravitational supermultiplet. Indeed, consider the representation of the SUSY algebra corresponding to the dispersion relation of the form (70). Following the standard procedure [29] one rotates the direction of the particle momentum to align with the third axis. With this choice, the anticommutators of the supercharges take the form,
Note that unitarity requires the anticommutator of two conjugate operators to be nonnegative. Comparing with (72) we conclude that in supersymmetric theories the velocity of particles is always greater or equal to one, s ≥ 1. If s = 1, as it happens, in particular, in the standard Lorentz invariant case, the lower right element in the above matrix is zero implying that one pair of the supercharges vanish identically, Q 2 =Q˙2 = 0. The other pair of the supercharges Q 1 ,Q˙1 describes fermionic annihilation and creation operators. Thus, starting from the state with the lowest helicity h, annihilated by Q 1 , one can create a single state with helicity (h + 1/2) by applyingQ˙1. As a consequence, in the Lorentz invariant case the gravitational multiplet consists of just two states with helicities h = −2 (graviton) and h = −3/2 (gravitino) 16 . However, whenever s > 1, the anticommutator of Q 2 andQ˙2 does not vanish and they form an independent pair of creation-annihilation operators. It implies that the multiplet must contain two additional states: one with h = −3/2 and another with h = −1. In other words, the gravitational multiplet gets enhanced.
In the model of this paper the additional states come from the aether superfield. Indeed, its fermionic component defined as
carries both a spinor and a vector index and decomposes into a pair of h = ±3/2 states and two pairs of h = ±1/2 states. The above reasoning implies that the first pair is absorbed by the graviton multiplet. The aether itself, represented byv
m , contains two pairs of h = ±1 states and a pair of h = 0 states. One of the h = ±1 pairs must join the graviton multiplet. To check this we compute the velocities of the helicity 1 modes in Appendix C. We find, as expected, that for two modes the velocities coincide with that of gravitons (71),
We identify these modes as belonging to the graviton multiplet. On the other hand, the remaining pair of h = ±1 states have unit velocities 17 ,
Finally, a straightforward analysis of the Lagrangian (68) shows that the helicity 0 modes also have unit velocities. Thus, apart from the graviton multiplet, the theory contains 4 bosonic degrees of freedom propagating with unit velocity that match the two pairs of h = ±1/2 fermionic states contained in η m α . Though an explicit study of the fermionic sector is beyond the scope of this paper, one concludes from the above reasoning that the velocities of the h = ±1/2 states must be equal to one.
From the phenomenological perspective, the excess of the graviton velocity over the speed of light, which is equal to unity once the Standard Model fields are included in the framework, provides a firm prediction of the model and can be used to probe the value of the parameter C. A future observation of the gravitational wave signal in coincidence with an electromagnetic counterpart will constrain C to be as low as 10 −17 if the source happens to be at a cosmological distance, cf. [41] . On the other hand, the current direct upper limit on the gravitational wave velocity [42] is much milder 18 and allows the values of C all the way up to C 1. The strongest constraints on the model at present come from the tests of general relativity within the Solar System and from the observations of solitary pulsars. The Solar System tests place bounds on the values of the post-Newtonian parameters α 1 , α 2 describing deviations from Lorentz invariance [44] ,
To apply these bounds to our model, we observe that at low energies SUSY must be broken which gives mass to the imaginary part of the aether perturbations [27] . The precise value of the mass depends on the SUSY breaking pattern; nevertheless generically one expects the corresponding Compton wavelength to be much shorter than astronomical scales. Then at these scales the imaginary part of the aether is irrelevant and the model reduces to the (linearized) Einstein-aether theory with the parameters 19 (69). The post-Newtonian parameters for the latter theory were derived in [20] ; for the choice (69) they reduce to
Hence the bound (76) translates into
(Solar System) .
A more stringent bound |α 2 | < 1.6 × 10
on the analog of the parameter α 2 for strong gravitational field has been obtained in [45] by analyzing the dynamics of solitary pulsars. Strictly speaking, application of this bound to our model requires its non-linear generalization which is beyond the scope of the present work. However, due to the uniqueness of the Einstein-aether theory, this non-linear generalization must reduce to it below the SUSY breaking scale, with the SUSY origin of the theory still 18 Note that the bound on the graviton velocity following from the absence of gravitational Cherenkov radiation by ultra-high energy cosmic rays [43] is automatically satisfied in our model as it constrains only subluminal graviton velocities. 19 SUSY breaking can, in principle, introduce deviations from the values (69) in the low-energy theory.
However, these deviations are negligible if the SUSY breaking scale lies hierarchically below the scale of Lorentz symmetry breaking set by M * = κ −1 √ C. We assume that this is the case.
being encoded in the values (69) of the parameters. The relations between the strong-and weak-field parameters in the Einstein-aether theory have been derived in the second reference of [21] . In general, they involve the sensitivities characterizing the change in the binding energies of neutron stars due to their motion with respect to the preferred frame. These depend on the masses of the stars which complicates the translation of the bound (79) into constraints on the model parameters. However, for the choice (69) the sensitivities drop out of the relation betweenα 2 and α 2 and one gets simplyα 2 = α 2 . This gives the bound,
(solitary pulsars) .
This bound can be viewed as the limit on the energy scale of the Lorentz symmetry violation,
Conclusions
We have constructed a supersymmetric extension of the Einstein-aether model -gravitational theory where Lorentz invariance is broken down to the subgroup of spatial rotations by a VEV of a timelike vector field. By restricting to the level of linearized perturbations around the vacuum we have demonstrated that the action of the supersymmetric theory contains a single free dimensionless coupling, in addition to the usual SUGRA parameters. This should be contrasted with the non-supersymmetric Einstein-aether model possessing four arbitrary dimensionless couplings. To find the most general supersymmetric action we used the superfield formalism that makes the global SUSY manifest. The linearized local coordinate and SUSY transformations were implemented as a gauge symmetry acting on the superfields. We have derived the bosonic part of the Lagrangian in component fields and analyzed the spectrum of the theory. We have shown that, due to breaking of Lorentz invariance, the helicity 2 excitation -graviton -acquires the propagation velocity exceeding the speed of light. We argued that this leads to the extension of the gravitational multiplet by a second -in addition to the usual gravitino -helicity 3/2 state and a helicity 1 state. The latter states enter the theory as parts of the aether superfield. Besides, the theory contains one more pair of helicity ±1 modes, two helicity 0 modes and two pairs of helicity ±1/2 modes, all propagating at the speed of light.
At low energies, upon SUSY breaking, the phenomenology of the model reduces to that of the Einstein-aether theory with three out of the four couplings equal to zero. The presence of only one free parameter makes the model highly predictive. The Solar System and pulsar observations put the most stringent current constraints on this parameter that translate into an upper bound on the energy scale of Lorentz invariance violation M * 10 14 GeV. A future detection of a gravitational wave signal in conjunction with an electromagnetic counterpart is expected to improve this bound by several orders of magnitude. A natural development of our work will be its generalization to the full non-linear supergravity case. This will open the way to study possible manifestations of the model in cosmology, in particular, the effects of the additional fermionic and bosonic fields present in the model on the dynamics of the early universe. As another direction, it would be interesting to investigate applications of the model to the holographic description of strongly coupled non-relativistic systems.
Similarly to the non-supersymmetric Einstein-aether theory, the model presented in this paper is a valid effective theory below the scale M * . It is natural to ask what would be the UV completion of the model above the scale M * , in particular, whether it can be constructed along the lines of [12] . At present we do not have an answer to this question and only note that embedding our model into the Hořava gravity would require overcoming several obstructions discussed in [27] . We leave this study for future.
A Torsion constraints in linearized SUGRA
In this appendix we linearize the constraints on the torsion in superspace and use them to derive the expressions for the superspace connection in terms of the fields of linear nonminimal SUGRA. At the linearized level the torsion tensor is related to the connection and vielbein as follows [35] ,
where the tensor I A B describing fluctuations of the vielbein has been defined in (26) and T The torsion (81) satisfies the following constraints [35] ,
where the Bianchi identities imply that the superfield T γ and its conjugate obey
Our strategy is to apply the constraints (82) to the relation (81) and, using the components of I A B found in Sec. 2.2, derive the equations for the remaining vielbein components and connection.
The first set of constraints (82a) are trivially satisfied by the vielbein (29) and do not provide any further information. Inserting (29) into (82b) we read off the components
From (82c) and (82e) we get respectively 
This system can be solved for the two unknownsTγ, I β βγ . Using the expressions (29), (84) we obtain,
Note that the expression forTγ satisfies the condition (83). Next, the constraint (82d) gives,
This can be solved for the connection Φ γβα using its symmetry in the last two indices; the result is given in Eq. (34a) of the main text. Finally, the constraint (82f) does not provide any additional equations for those components of the vielbein and connection that we are interested in.
To proceed, we consider the covariant derivative of a general scalar superfield,
where we have used the already known vielbein component (84). Requiring that it transforms as (23c) with the rotation matrix (28) implies the transformation laws
These relations fix the form of I β a up to a single constant y,
Taking the trace over α, β and comparing with (87a) one arrives at the expression,
Finally, substituting this into (85a) we obtain the expression (34b) for the connection Φγ βα . As a cross-check, the expression for Φγ ba following from (85b) coincides with Eq. (35).
B Calculus in superspace B.1 Relations between superfield operators
The number of independent operators that can appear in the superfield Lagrangian for linearized SUGRA with broken Lorentz symmetry is reduced by various relations between them arising as a consequence of spinor algebra. The following properties of the superspace differential operators are used in the calculation: commutators:
rules for integration by parts:
where Ψ 1,2 are arbitrary superfields and the sign stands for equality up to a total derivative. Using these relations one derives the identities, 
C Helicity 1 modes
Here we analyze in detail the sector of modes with helicities ±1 described by the Lagrangian (68). We work in the frame where the aether VEV has vanishing spatial components, see Eq. (36) . In this frame the time-components of aether perturbations vanish due to the constraint (38),v 
where, with some abuse of notations, we use ∆ to denote the spatial Laplacian, ∆ = ∂ i ∂ i ; as we are not going to use the operator (12) in this Appendix, this should not lead to confusion. In deriving the expression (98) we kept only the leading-order terms in the gravitational part of the Lagrangian: the omitted corrections affect the dynamics of helicity 1 modes only at order O(C 3/2 ) or higher. Note a peculiar mixing term between the real and imaginary parts of the aether perturbations. Varying (98) with respect to ξ i and setting the gauge ξ i = 0 afterwards one finds,
up to corrections of order 20 O(C 3/2 ). Substituting this into the equations for the aether perturbations we obtain,
To solve this system, we takev 
i , and the unit vectors e (1) , e (2) form together with p/p a right-handed triad. Substituting these expressions into Eqs. (101) and diagonalizing the resulting eigenvalue matrix we find the dispersion relations for the modes: 20 The variation of (98) with respect to n i yields the equation
By combining this with (99) one could naively conclude that the velocity of the excitations described byv Finally, let us comment on the consequences of SUSY breaking. As discussed in [27] , it leads to the generation of mass for the imaginary part of the aetherv I i . Then the dispersion relation for the remaining componentv R i is obtained from (101a) by simply dropping off the last term, which yields E 2 = (1 + C/2) p 2 . We conclude that the SUSY breaking modifies the velocity of the helicity 1 modes, so that its deviation from unity is twice smaller than that for gravitons. This coincides with the result in the Einstein-aether model [40] for the choice of parameters (69).
